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Abstract

We measured color-breakup thresholds for a
simple field-sequential color stimulus while
varying its luminance, contrast, and retinal
velocity., Data analysis yielded an equation
that predicts whether color breakup will be
visible for specified viewing conditions. We
compare this eguation with an earlier version
and discuss its uses and limitations,

Intreduction

Field-sequential color (FSC) displays are attractive for
head-mounted and projection applications hecause they
have a resolution advantage over convenuonal color
displays that 15 particularly useful when the display
must be small. They arc prone to the image-quality
problem called color breakup, though. when run at the
usual 180-Hz held rate. Unfortunately, the condions
under which 180 He 1s satisfoctory are largely unknown.
More  imporiantly . the which  viewang
parameters such as image contrast, retinal velocity, wnd
adapting luminance afiect field-rale requirements have
not been established very well.

Wdks i

Arend, Lubin, Gille. & Larimer |1] used known
spatiotemporal propertics of the human visuval system’s
luminance coding mechanism to predict the visibility of
color breakup for a 180-Hz FSC display in terms of
IJNDs. They obtained a value of roughly 3 INDs, which
implies that breakup should be readily visible,

Post, Monnicer, & Calhoun [2] measurad ficld rues
that produced threshold color-breakup detection for an
FSC rarget over a wide range ol viewing conditions,
After averaging the thresholds across participants, we
found that 97% of the variance was accounted for by

R = 66.6L" M V", (1

where L is the target’'s luminance in cd/m’. M 15 1ls
luminance modulation. V' 15 s retinal velociy an
degrees/s. and R is the threshold ficld mte in Nelds/s.
Our apparatus supenimposed the FSC target on the
background. however. so the target and background
summed spatinlly to produce a color mixiure As a
result, changing the target’s luminance contrast also
changed the cexcitation punity of the RGB fields
constituting 11 und may have affected the visibility of
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the color breakup. Usually, though, stimuli on FSC
displays replace their backgrounds instead of summing
with them, so this aspect of the experiment was a
contound that should not occur in practical cases. The
present expernmment avoided this confound by changing
the hardware configuration.

Method
Participants

The participants consisted of the four present authors,
plus two volunteers, Their ages ranged from 28 to 50
vears. They were screened for 220 near and far Sncllen
acuity (comected or uncorrected) and normal color
vision. The participants served in pilot studies before
formal  daw  collection began and  therefore  had
substantial practice with the apparutus and stable criteria
for judging the presence or absence of color breakup.
Furthermore, all parucipants except AN took part in the
Post et al. [2] study.

Apparalus

The apparatus (see Figure 1) consisted of a monocular
Maxwellian-view optical system and used a rotating
filter wheel w0 produce an FSC target on a uniform
background at field raes up to 6 kHz. The target
subtended 4 arc-munutes x 2 degrees visually (H x V)
and moved honzontally at constant velocity through a
I0-degree field of view. pausing briefly after cach
sweep. The apparatus was configured so the target dd
not sum with the background; otherwise, it was similar
with apparatus that is described in more detail in [2].
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Figure 1. FSC apparatus.
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The CIE chromaticity coordinates of the RGB fields
{sce Figure 2) were chosen to match the RGB primaries
of a typical color CRT. The fields were isoluminant;
therefore, the color produced when the filter wheel spun
was a  purphish  white, having  the  chromaticiy
coordinates shown in Figure 2. The background (also
represented in Figure 2) was a slightly greenish white
due to the presence of ultraviolet and infrared filters.
Details of the calibration procedure are given in [2].
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Figure 2. CIE 1976 uniform chromaticity-scale
diagram showing the chromaucuty coordinates
of the FSC system’s RGB primaries. the
target, and the background.

Procedure

The experimental design was completely within-
subjects with two replications. It consisted of five
levels of background luminance (0, 5. 49, 468, and
2223 cd/m?), five levels of target luminance modulation
(0.47, 0.56. 0,66, 0.80 and 0.96), and four retinal
target-velocities (6, 34, 85, and 200 degrees/s). We
could not achicve 0.96 luminance modulation against
the 2223-cd/m’ background: otherwise, the design was a
full factonial. In addition, target luminances of 28, 63,
218, 258, and 2216 cd/m’ were tested against the black
background at all four retinal velocities.

Trials cycled first through the retinal velociues, then
the target modulations, and finally the background
luminances, starting at the lowest values in each case.
Thus, background luminance varied the least often and
the participant’s level of light adaptation was stabilized.
Typically, the participants completed two or three
background luminances in a - to 1.5-hour session

Fur cach nal, the participunt foveated a4 central
fixation point, observed sweeps of the target, and
adjusted the filter-wheel’s rotational velocity until color
breakup in the target was just invisible. Next, the
participant set the velocity to a higher. random setting
and then adjusted it until color breakup was just visible.
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The average of the two velocities was taken as the
participant’s threshold for that tnal and converted 10 the
equivalent hield rate in fields/s. Under some viewing
conditions, the parmicipant was unable to see the
stmulus sullicienty w produce a setting; in these
cases, the condition was skipped.

The target’s appearance when il was moving 1s
illustrated in Figure 3. The figure is meant to show that
visual persistence caused the moving largel o paint an
image that resembled a chromatic grating. At the lower
retinal velocities, luminances, and contrasts, the grating
was narrow (i.¢., contained only a few bars) and moved
from one side to the other. As velocity. luminance. and
contrast increased, the gratng became wider. In the
limit. the grating occupied the full field of view and
appeared 10 be presenied in bnef flashes having a
duration dictated by the velocity of each retinal sweep.
In all cases. adjustment of the filter wheel's velocaty
altered the grating's spatial frequency. Thus, the
detection of color breakup in this task was equivalent
with the detection of chromatic modulation in a grating,
and the participant's lask consisted of adjusting the field
rate until chromatic modulation was either just below
threshold (yvielding a monochrome stimulus) or just
above threshold (yielding a faindy mulu-colored
grating). The participants were told lo ignore any
luminance modulation they might see and make their
settings strictly according to chromatic differences.
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Figure 3. Targel's appearance when
RA3V) = 0.17 cyclesidegree and the larget
moved left-to-right. Right-to-left motion
reversed the order of the RGB fields,

Results

The dala were averaged over participants, and
conditions for which one or more participants were
unable to set a threshold were deleted 10 avoid biasing
the results. The mean for the highest target luminance
(2216 cd/m’) at unity modulation and 200 degrees/s was
deleted also because it was clearly anomalous (sec
Figure 4), so retaiming 11l would have degraded our
ability to fit the rest of the data. We were left with a
data set containing 53 means,



Nonlinear regression was used to find the best-fiting
eefficients for an equauon of the same form as
Equation |. using the Statishical Analysis System’s
NLIN procedure. The program converged quickly to the
same solution from widely varying starting locations
and yelded

R = 36.3L" "M V", {2)

Bquation 2 accounts for 95% of the vanance. which
mplies that it gives a fairly good fit to the means, and
all the terms are significant statistically, p < 0.05 in
exch case. Figure 4 summanzes our resulls: it shows,
for all viewing conditions, each participant’s mean
#reshold und the predictions from Equations | and 2.

We compared the coefficients in Equations 1 and 2
wing r-tests and the Satterthwaite approximation for
dpees of freedom (3], The results show that the
aponenis for L and M do not differ reliably across
aperiments (p = 0.11 and 0.55, respectively), but the
aponent for V and the scaling constant do (p < 0.003
is both cases). Equation | accounts for 89% of the
variance in the present expeniment’s means: Equation 2
accounts for 91% of the vanance in the Post et al. [2]
means.

Biiciisi

The results from the regression analyses surprised us.
We cxpected that decoupling the target’s luminance
eonlrast trom its escitabon purity would  produce a
smaller exponent for M in Equation 2 than in Equation
1 and leave the other regression cocflicients essentially
wchanged We found, however, that the exponent for M
in Equation 2 is smaller, but the difference i1s not
reliable statistically. whereas other dilferences are. We
abo expected that Equation | would not predict our new
data very well and Equaton 2 would not predict our old
dma very well. Obviously, though. the cross
experimental  predictions  are  quite  good,  despite
sugnificant differences (that do not appear where they
were expected) in coefficients. Figure 4 shows the
remson: Over the ranges of viewing conditions we
explored, the equations vield very similar predictions.

Those who wish to use Equauons | or 2 should be
cautioned that extrapolating beyond the range of
viewing conditions for which we have reported data can
yld unrealistically high predictions. For example, for
the condition involving 5 cd/m’ background luminance,
047 modulation, and 200 degrees/s, Equation 2 predicts
tat a 759-Hz field rate i1s needed to prevent color
breakup. However, none of our participants were able to
establish a threshold for this condition (note that Figure
4 shows no data for this case) Therefore, in practice,
the field rate for this viewing condition 1s immaltenial
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We would like to develop a more general model that
predicts the points at which the stimulus can no longer
be seen and, therefore, the field rate is irrelevant.
Preliminary exploration of this idea and comparison of
the results against published data on spatial chromatic-
modulation  thresholds indicate that this goal is
achievable. We would also like to check 10 see whether
data for cases where the eye moves and the target is
stationary are equivalent with the moving-target +
stationary-eye cases we have studied thus far. In the
meantime, though, Equations | and 2 provide the best
tools available currently for predicting color breakup.
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